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(57) ABSTRACT

There is provided a fabrication technique of a MOS structure
that has a small EOT without increasing the interface trap
density. More specifically, provided is a method of producing
a semiconductor wafer that includes a semiconductor crystal
layer, an interlayer made of an oxide, nitride, or oXynitride of
a semiconductor crystal constituting the semiconductor crys-
tal layer, and a first insulating layer made of an oxide and in
which the semiconductor crystal layer, the interlayer, and the
first insulating layer are arranged in the stated order. The
method includes (a) forming the first insulating layer on an
original semiconductor crystal layer, and (b) exposing a sur-
face of the first insulating layer with a nitrogen plasma to
nitride, oxidize, or oxynitride a part of the original semicon-
ductor crystal layer, thereby forming the interlayer, together
with the semiconductor crystal layer that is the rest of the
original semiconductor crystal layer.
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1
METHOD OF PRODUCING
SEMICONDUCTOR WAFER,
SEMICONDUCTOR WAFER, METHOD OF
PRODUCING SEMICONDUCTOR DEVICE
AND SEMICONDUCTOR DEVICE

The contents of the following Japanese patent application
is incorporated herein by reference:
JP2012-184908 filed on Aug. 24, 2012.

TECHNICAL FIELD

The present invention relates to a method of producing a
semiconductor wafer, a semiconductor wafer, a method of
producing a semiconductor device and a semiconductor
device.

BACKGROUND ART

Silicon germanium (SiGe) is desirable for a p-type channel
material of a Metal-Oxide-Semiconductor Field-Effect Tran-
sistor (MOSFET) since it has a higher hole mobility than that
of silicon (Si). For instance, Non-patent Document 1
describes a p-channel MOSFET (pMOSFET) in which SiGe
is used for a channel material. In the pMOSFET, in order to
reduce a level density of carrier trap (hereunder referred to as
“an interface trap density”) at an interface between semicon-
ductor and an oxide layer in a MOS structure (hereunder
referred to as “a MOS interface™), used is a Si passivation
technique in which a surface of SiGe is covered with a Silayer
and then an oxide layer is formed.

Non-patent Document 2 indicates that Si is selectively
oxidized at a MOS interface in which SiGe is used as semi-
conductor and consequently Ge is piled up, resulting in
increase in the interface trap density. Non-patent Document 3
describes results in which an oxide layer with a high dielec-
tric-constant (a HfAIO layer) is formed on a SiGe surface on
which nitridation with ammonia (NH;) has been performed,
and then interface characteristics and electric properties are
evaluated. Non-patent Document 4 describes that misfit dis-
location in a SiGe layer that is formed on a Si wafer increases
as a temperature of thermal treatment increases.

The above mentioned Non-patent Document 1 is C. Le
Royer et al., “First demonstration of ultrathin body c-SiGe
channel FDSOI pMOSFETs combined with SiGe(:B) RSD:
Drastic improvement of electrostatics (Vth,p tuning, DIBL)
and transport (10, Isat) properties down to 23 nm gate length”,
1IEDM, 16.5.1(2011), Non-patent Document 2 is S. S. Iyer et
al., “A gate-quality dielectric system for SiGe metal-oxide-
semiconductor devices”, EDL, 12, 246(1991), Non-patent
Document 3 is J. Huang et al., “A Study of compressively
strained Si0.5Ge0.5 metal-oxide-semiconductor capacitors
with chemical vapor deposition HfAIO as gate dielectric”,
APL, 90, 023502(2007), and Non-patent Document 4 is R.
Hull et al., “In situ observations of misfit dislocation propa-
gation in GexSil-x/Si(100) heterostructures”, APL, 52, 1605
(1988).

SUMMARY OF THE INVENTION
Problem to be Solved by the Invention

Itis possibleto reduce the interface trap density through the
Si passivation described in Non-patent Document 1. How-
ever, in the case where the Si passivation layer is present, the
Si passivation layer is oxidized while an oxide layer is formed
on a semiconductor, and consequently an equivalent oxide
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thickness (EOT) of an insulating layer (an oxidized layer) is
increased, and this is undesirable for scaling of MOSFET
elements. Whereas in the case where an oxide layer is formed
directly on the SiGe semiconductor layer without forming the
Si passivation layer, Ge is piled up and the interface trap
density consequently increases as described in Non-patent
Document 2.

Nitridation as described in Non-patent Document 3 can be
considered to be performed onto a surface of the SiGe semi-
conductor layer, which is however undesirable because it is
difficult to control the thickness of the nitrided layer and there
is a possibility of misfit dislocation in the SiGe layer due to a
thermal treatment for nitridation as described in Non-patent
document 4.

It is an object of the present invention to provide a fabrica-
tion technique of a MOS structure that has a small EOT
without increasing the interface trap density.

Means for Solving Problem

For a solution to the above-mentioned problems, according
to the first aspect related to the present invention, provided is
one exemplary method of producing a semiconductor wafer
that includes a semiconductor crystal layer, an interlayer
made of an oxide, nitride, or oxynitride of a semiconductor
crystal constituting the semiconductor crystal layer, and a
first insulating layer made of an oxide and in which the
semiconductor crystal layer, the interlayer, and the first insu-
lating layer are arranged in the stated order. The method
includes (a) forming the first insulating layer on an original
semiconductor crystal layer, and (b) exposing a surface of the
first insulating layer with a nitrogen plasma to nitride, oxi-
dize, or oxynitride a part of the original semiconductor crystal
layer, thereby forming the interlayer, together with the semi-
conductor crystal layer that is the rest of the original semi-
conductor crystal layer.

The method may further include subsequent to (b) above,
forming a second insulating layer on the first insulating layer.
The method may further include prior to (a) above, removing
a natural oxide layer from a surface of the original semicon-
ductor crystal layer. In the method, the nitrogen plasma may
be generated using Electron Cyclotron Resonance (ECR). In
the method, the first insulating layer may be an Al,O; layer
formed by an atomic layer deposition (ALD) method. The
first insulating layer and the second insulating layer may be
Al,Oj layers formed by an ALD method. The semiconductor
crystal layer may be made of Si, Ge, or SiGe. When the
semiconductor crystal layer is made of Si,_ Ge,, X satisfies
preferably 0.13=<x<0.40, and more preferably 0.13=<x=<0.25.
When the first insulating layer and the second insulating layer
are Al,O; layers formed by an ALD method, the thickness of
the first insulating layer is preferably 0.2 to 2.0 nm, and more
preferably 0.5 to 2.0 nm.

According to the second aspect related to the invention,
provided is a semiconductor wafer that includes a semicon-
ductor crystal layer, an interlayer, and an insulating layer
made of an oxide. The semiconductor crystal layer, the inter-
layer, and the insulating layer are arranged in the stated order,
the interlayer is made of an oxide, nitride, or oxynitride of a
semiconductor crystal constituting the semiconductor crystal
layer, the semiconductor crystal layer is made of Si,  Ge,
(x=0.40), a part of the insulting layer in contact with the
interlayer is made of Al,O;, and an interface trap density
measured by a conductance method where the semiconductor
crystal layer and the insulating layer form a semiconductor-
insulator interface in a MOS structure is 1x10*2 [eV™'cm™2]
or less. In the semiconductor wafer, an increase from an
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equivalent oxide thickness (EOT) where the surface is not
exposed to plasma before the insulating layer is formed or
after at least a part of the insulting layer is formed to an EOT
where the semiconductor crystal layer and the insulating
layer form a semiconductor-insulator interface in the MOS
structure may be 0.5 nm or less.

According to the third aspect related to the invention, pro-
vided is a method of producing a semiconductor device. The
method includes the above-described method of producing a
semiconductor wafer, and further includes forming an elec-
trically-conductive layer on an insulating layer that includes
the first insulating layer. In the method, a MOS structure of
the semiconductor device is formed of the semiconductor
crystal layer, the insulating layer, and the electrically-conduc-
tive layer. According to the fourth aspect related to the inven-
tion, provided is a semiconductor device that includes the
above-described semiconductor wafer, and an electrically
conductive layer formed on the insulating layer. In the semi-
conductor device, a MOS structure is formed of the semicon-
ductor crystal layer, the insulating layer, and the electrically-
conductive layer.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a sectional view of a semiconductor wafer 100.

FIG. 2 is a sectional view illustrating a step of a method of
producing the semiconductor wafer 100.

FIG. 3 is a sectional view illustrating a step of the method
of producing the semiconductor water 100.

FIG. 4 is a sectional view illustrating a step of the method
of producing the semiconductor water 100.

FIG. 5 is a sectional view illustrating a concept of post-
nitridation.

FIG. 6 is a sectional view of a semiconductor device 200.

FIG. 7 is a sectional view illustrating a production process
of the semiconductor device 200.

FIG. 8 is a graph of CV characteristics of a MOS structure
without nitridation or oxidation.

FIG. 9 is a graph of CV characteristics of a MOS structure
on which pre-nitridation is performed.

FIG. 10 is a graph of CV characteristics of a MOS structure
on which a pre-oxidation is performed.

FIG. 11 is a graph of CV characteristics of a MOS structure
on which post-nitridation is performed.

FIG. 12 is a graph of CV characteristics of a MOS structure
on which post-oxidation is performed.

FIG. 13 is a graph of a conductance curve of a MOS
structure on which the post-nitridation is performed.

FIG. 14 is a graph illustrating a relation between a capaci-
tance and a band bending of the MOS structure on which the
post-nitridation is performed.

FIG. 15 is a graph showing distributions of the interface
trap density along energy axes in each treatment sample.

FIG. 16 is a graph showing enlarged views of Ge 2p portion
of XPS measurement results for an interface between an
Siy ,5Ge, »5 layer and a first Al,O; layer at each treatment.

FIG. 17A is a graph showing a superposition of enlarged
views of Al 2p portion of the XPS measurement results for the
interface between the Si, ,5Ge, »5 layer and the first Al,O,
layer at each treatment.

FIG. 17B is a graph showing enlarged views of Al 2p
portion of the XPS measurement results for the interface
between the Si, ,5Ge, »5 layer and the first Al,O, layer ateach
treatment.

FIG. 18 is a graph showing angular-resolved X-ray photo-
electron spectroscopy (XPS) measurement results of the
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interface between the Si, ,5Ge, »5 layer and the first Al,O,
layer on which the post-nitridation is performed.

FIG. 19 is a graph illustrating distributions of the interface
trap density along an energy axis when a treatment time of the
post-nitridation is varied.

FIG. 20 is a graph of the minimum value of the interface
trap density and a capacitance equivalent thickness (CET) of
an oxide layer obtained through capacitance measurement
with a horizontal axis of treatment time.

FIG. 21 is agraph of CV characteristics when the thickness
of a first insulating layer in a post-nitrided MOS structure
corresponds to ALD treatment of 0 cycles.

FIG. 22 is agraph of CV characteristics when the thickness
of'the first insulating layer in the post-nitrided MOS structure
corresponds to ALD treatment of 2 cycles.

FIG. 23 is agraph of CV characteristics when the thickness
of'the first insulating layer in the post-nitrided MOS structure
corresponds to ALD treatment of 4 cycles.

FIG. 24 is a graph of CV characteristics when the thickness
of'the first insulating layer in the post-nitrided MOS structure
corresponds to ALD treatment of 6 cycles.

FIG. 25 is agraph of CV characteristics when the thickness
of'the first insulating layer in the post-nitrided MOS structure
corresponds to ALD treatment of 8 cycles.

FIG. 26 is a graph of CV characteristics when the thickness
of'the first insulating layer in the post-nitrided MOS structure
corresponds to ALD treatment of 10 cycles.

FIG. 27 is agraph of CV characteristics when the thickness
of'the first insulating layer in the post-nitrided MOS structure
corresponds to ALD treatment of 20 cycles.

FIG. 28 is a graph of CV characteristics when the thickness
of'the first insulating layer in the post-nitrided MOS structure
corresponds to ALD treatment of 30 cycles.

FIG. 29 is a graph of CV characteristics when the MOS
structure is untreated for comparison.

FIG. 30 is a graph showing distributions of the interface
trap densities along an energy axis when Ge ratio x is varied
in Si, ,Ge, in the cases of the post nitridation and no treat-
ment.

FIG. 31 is a graph showing AEOTs of various MOS struc-
tures fabricated in Example 2.

FIG. 32 is a graph showing the interface trap densities (D,,)
of the various MOS structures fabricated in Example 2.

FIG. 33 is a scatter plot of the interface trap densities vs
AEQTs of the various MOS structures fabricated in Example
2.

FIG. 34 is a graph of CV characteristics of a MOS structure
when N, ECR plasma power is 650 W and post-nitridation is
performed.

FIG. 35 is a graph of CV characteristics of a MOS structure
when the N, ECR plasma power is 350 W and post-nitridation
is performed.

FIG. 36 is a graph of CV characteristics of a MOS structure
when the N, ECR plasma power is 104 W and post-nitridation
is performed.

FIG. 37 is a graph of CV characteristics of a MOS structure
when the N, ECR plasma power is 650 W and pre-nitridation
is performed.

FIG. 38 is a graph of CV characteristics of a MOS structure
when the N, ECR plasma power is 350 W and pre-nitridation
is performed.

FIG. 39 is a graph of CV characteristics of a MOS structure
when the N, ECR plasma power is 104 W and pre-nitridation
is performed.

FIG. 40 is a graph of CV characteristics of a MOS structure
when the Ge ratio x in Si,_,Ge, is 0.13 and no plasma expo-
sure (no-treatment) is performed.
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FIG. 41 is a graph of CV characteristics of a MOS structure
when the Ge ratio x in Si,_Ge,_ is 0.23 and no plasma expo-
sure (no-treatment) is performed.

FIG. 42 is a graph of CV characteristics of a MOS structure
when the Ge ratio x in Si,_Ge,_ is 0.32 and no plasma expo-
sure (no-treatment) is performed.

FIG. 43 is a graph of CV characteristics of a MOS structure
when the Ge ratio x in Si; ,Ge, is 0.38 and no plasma expo-
sure (no-treatment) is performed.

FIG. 44 is a graph of CV characteristics of a MOS structure
when the Geratio x in Si;_, Ge, is0.13 and the post-nitridation
is performed.

FIG. 45 is a graph of CV characteristics of a MOS structure
when the Geratio x in Si, , Ge, is 0.23 and the post-nitridation
is performed.

FIG. 46 is a graph of CV characteristics of a MOS structure
when the Geratio x in Si,_, Ge, is 0.32 and the post-nitridation
is performed.

FIG. 47 is a graph of CV characteristics of a MOS structure
when the Geratio x in Si;_, Ge, is 0.38 and the post-nitridation
is performed.

FIG. 48 is a graph of CV characteristics of a MOS structure
when hafnium dioxide is used as a second insulating layer.

FIG. 49 is a graph showing distributions of the interface
trap densities along an energy axis when hafnium dioxide is
used as the second insulating layer.

MODE FOR CARRYING OUT THE INVENTION

FIG. 1 is a sectional view of a semiconductor wafer 100.
The semiconductor water 100 includes a semiconductor crys-
tal layer 104, an interlayer 108, and an insulating layer 112 on
a supporting wafer 102. The semiconductor crystal layer 104,
the interlayer 108, and the insulating layer 112 are arranged in
the stated order.

The supporting wafer 102 is a wafer to support the semi-
conductor crystal layer 104. The supporting wafer 102 can be
formed of any material provided that it has a sufficient
mechanical strength to support the semiconductor crystal
layer 104. The supporting wafer 102 can be an epitaxial
growth wafer for forming the semiconductor crystal layer 104
by epitaxial growth. The supporting wafer 102 can be a trans-
fer-destination wafer on which the semiconductor crystal
layer 104 is formed by a transfer method. An example of the
supporting wafer 102 includes a silicon wafer, a germanium
wafer, a silicon carbide wafer, an alumina wafer, a sapphire
wafer, a glass wafer, or the like.

The semiconductor crystal layer 104 serves as an activation
layer for a semiconductor device such as a pMOSFET. The
semiconductor crystal layer 104 can be made of a semicon-
ductor crystal such as Si, Ge or SiGe. As described later
herein, the semiconductor crystal layer 104 on which an
insulating layer has been formed is exposed with a nitrogen
plasma to form the interlayer 108. When the interlayer 108 is
formed in such a way, it is possible to reduce the interface trap
density of the MOS structure. Moreover, it is also possible to
prevent the EOT from increasing. It has been confirmed that
the interface trap density can be reduced when the semicon-
ductor crystal layer 104 is made of Si; ,Ge, and x satisfies
0.13=x=0.40 (preferably 0.13=x<0.25). The semiconductor
crystal layer 104 may be formed on a semiconductor crystal
formation wafer by an epitaxial growth method or transfer
method.

The interlayer 108 is made of an oxide, nitride or oxyni-
tride of a semiconductor crystal constituting the semiconduc-
tor crystal layer 104. A method of manufacturing the inter-
layer 108 will be described later. Examples of the interlayer
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108 include an oxynitride of silicon (Si—ON), a nitride of
silicon (Si—N), an oxide of silicon (Si—O), an oxynitride of
germanium (Ge—ON), a nitride of germanium (Ge—N), an
oxide of germanium (Ge—O), an oxynitride of silicon ger-
manium (SiGe—ON), a nitride of silicon germanium
(SiGe—ON), and an oxide of silicon germanium (SiGe—O).

The insulating layer 112 is made of an oxide and includes
a first insulating layer 106 and a second insulating layer 110.
The first insulating layer 106 and the second insulating layer
110 can be made of the same material or different materials.
Examples of the first insulating layer 106 and the second
insulating layer 110 include Al,O; layer, GeO, layer, InO,
layer, TiO, layer, ZrO, layer, HfO, layer, and TaO, layer. The
thickness ofthe first insulating layer 106 is preferably set such
that active nitrogen atoms (or molecules) supplied from the
nitrogen plasma can transmit through the first insulating layer
106. Alternatively, the thickness of the first insulating layer
106 is preferably set such that energy of the nitrogen plasma
can be transmitted to the interface and oxygen inside the first
insulating layer 106 can be activated.

The insulating layer 112 that includes the first insulating
layer 106 and the second insulating layer 110 serves as a gate
insulating layer for the pMOSFET. Thus, the thickness of the
second insulating layer 110 is preferably set such that it can
serve as a gate insulating layer. When the first insulating layer
106 alone serves as the gate insulating layer, it is not neces-
sary to provide the second insulating layer 110.

An example of the first insulating layer 106 includes Al,O,
layer formed by an ALD method. An example of the first
insulating layer 106 and the second insulating layer 110
includes Al,O; layers formed by the ALD method. When the
first insulating layer 106 and the second insulating layer 110
are Al,O, layers formed by the ALD method, the thickness of
the first insulating layer 106 is preferably 0.2 nm to 2.0 nm,
and more preferably 0.5 nm to 2.0 nm.

According to the above-described semiconductor wafer
100, it is possible to reduce the interface trap density of the
MOS structure and to reduce the EOT. When the semicon-
ductor crystal layer 104 is made of Si; Ge, (x satisfies
x=0.40, preferably x<0.25, and more preferably x<0.25) and
apart of the insulating layer 112 in contact with the interlayer
108 is made of Al,O,, the interface trap density measured by
a conductance method where the semiconductor crystal layer
104 and the insulating layer 112 form a semiconductor-insu-
lator interface in the MOS structure can be made to 1x10"2
[eV~'cm™2] or less. Moreover, in this case, an increase from
the EOT where the nitrogen plasma exposure is not per-
formed to the EOT where the semiconductor crystal layer 104
and the insulating layer 112 form the semiconductor-insula-
tor interface in the MOS structure can be made to 0.5 nm or
less. While the case in which the exposure to the nitrogen
plasma is not performed is considered to be most effective to
reduce the EOT since the interlayer 108 is not formed
(whereas the interface trap density cannot be reduced), the
increase of the EOT, in the embodiment of the semiconductor
wafer 100, can be still made small since the nitrogen plasma
exposure is performed after the first insulating layer 106 is
formed, so it is possible to reduce the interface trap density
and to make the increase of the EOT small.

FIGS. 2 to 4 are sectional views illustrating steps of the
method of producing the semiconductor wafer 100. Referring
to FIG. 2, an original semiconductor crystal layer 103 is
formed on the supporting wafer 102. Using the supporting
wafer 102 as a wafer for epitaxial growth, the original semi-
conductor crystal layer 103 may be formed on the wafer by an
epitaxial growth method. Alternatively, after the original
semiconductor crystal layer 103 is formed on a wafer for
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epitaxial growth, the original semiconductor crystal layer 103
may be transferred on the supporting wafer 102.

Referring to FIG. 3, the first insulating layer 106 is formed
on the original semiconductor crystal layer 103. The first
insulating layer 106 can be formed by, for example, an ALD
method.

Referring to FIG. 4, the surface of the first insulating layer
106 is exposed to the nitrogen plasma (indicated by the arrow
in the drawing), whereby a part of the original semiconductor
crystal layer 103 is nitrided, oxidized or oxynitrided to form
the interlayer 108. The rest of the original semiconductor
crystal layer 103 becomes the semiconductor crystal layer
104. Here, nitridation, oxidation or oxynitridation of a part of
the original semiconductor crystal layer 103 includes nitrida-
tion, oxidation or oxynitridation of a portion of the original
semiconductor crystal layer 103 near the interface between
the original semiconductor crystal layer 103 and the first
insulating layer 106.

Such process of forming the interlayer 108 by the nitrogen
plasma exposure after the first insulating layer 106 is formed
is hereunder referred to as a “post-nitridation” in the descrip-
tion. In addition, exposure to the nitrogen plasma before the
first insulating layer 106 is formed is hereunder referred to as
a “pre-nitridation”, exposure to an oxygen plasma after the
first insulating layer 106 is formed is hereunder referred to as
a “post-oxidation,” exposure to the oxygen plasma before the
first insulating layer 106 is formed is hereunder referred to as
a “pre-oxidation,” and the case in which the plasma treatment
is not performed is referred to as “no-treatment”, which will
be later described for comparison.

FIG. 5 is a sectional view illustrating a concept of the
post-nitridation. It is assumed that high-energy nitrogen radi-
cals (ions, excited-state molecules, excited-state atoms or the
like) pass through the first insulating layer 106 and reach the
original semiconductor crystal layer 103 to react with silicon,
germanium, or silicon germanium in the original semicon-
ductor crystal layer 103 and consequently the interlayer 108
is formed. There is also an assumption that oxygen atoms in
the first insulating layer 106 are activated with the nitrogen
radicals to generate active oxygen atoms, and then the active
oxygen atoms react, at the interface between the first insulat-
ing layer 106 and the original semiconductor crystal layer
103, with silicon, germanium, or silicon germanium in the
original semiconductor crystal layer 103 and consequently
the interlayer 108 is formed.

After the interlayer 108 is formed, the second insulating
layer 110 is formed on the first insulating layer 106 to obtain
the semiconductor wafer 100. Here, a natural oxide may be
removed from a surface of the original semiconductor crystal
layer 103 after the original semiconductor crystal layer 103 is
formed and before the first insulating layer 106 is formed.
Removing the natural oxide film can decrease the EOT and
reduce the interface trap density. A nitrogen plasma generated
by Electron Cyclotron Resonance (ECR) can be used as the
nitrogen plasma. The ECR can generate a high-density
plasma, so it is possible to increase the density of active
nitrogen.

FIG. 6 is a sectional view of a semiconductor device 200.
FIG. 7 is a sectional view illustrating a production process of
the semiconductor device 200. The semiconductor device 200
can be produced using the above-described semiconductor
wafer 100.

Referring to FIG. 7, an electrically-conductive layer 114 is
formed on the insulating layer 112. In this way, a MOS
structure including the semiconductor crystal layer 104, the
insulating layer 112, and the electrically-conductive layer
114 is formed. The semiconductor device 200 illustrated in
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FIG. 6 is one in which the electrically-conductive layer 114 is
used as a gate electrode, and the insulating layer 112 and the
interlayer 108 are used as a gate insulating layer, and source-
drains 116 are formed on the semiconductor crystal layer 104
to form a MOSFET.

Because the interlayer 108 is formed through the above-
described method, or post-nitridation, in the semiconductor
device 200, it is possible to realize a high-performance
pMOSFET that has a small EOT and a small interface trap
density.

EXAMPLE 1

A p-type Si wafer was used as the supporting wafer 102,
and Si, ,5Ge, »5 having a thickness of 30 nm was formed as
the original semiconductor crystal layer 103 by a Chemical
Vapor Deposition (CVD) method. After the surface of the
original semiconductor crystal layer 103 was cleaned, the first
Al O, layer having a thickness of 1 nm was formed as the first
insulating layer 106 by the ALD method at a temperature of
250° C. Subsequently, the surface of the first Al,O; layer was
exposed to an N, ECR plasma with a power of 650 W for 10
seconds. The second Al,O; layer was formed as the second
insulating layer 110 by the ALD method, and then a post-
deposition annealing (PDA) was performed under nitrogen
atmosphere at a temperature of 400° C. for one minute. In this
manner, the semiconductor wafer described in the example
was fabricated. In order to evaluate the fabricated semicon-
ductor wafer, an Al layer (an electrically-conductive layer)
was formed on the front and back sides of the semiconductor
wafer by deposition to form a MOS structure, and then a
post-metallization anneal was performed to the MOS struc-
ture under nitrogen atmosphere at a temperature of 400° C.
for one minute. The treatment in the example is referred to as
a “post-nitridation.”

For comparison, provided were a sample on which a post-
oxidation treatment in which the first Al,O; layer was
exposed to an O, ECR plasma instead of the N, ECR plasma
was performed, a sample on which a pre-nitridation treatment
in which the exposure to the N, ECR plasma was performed
before the first Al,O; layer was formed was performed, a
sample on which a pre-oxidation treatment in which the expo-
sure to the O, ECR plasma was performed before the first
Al, O, layer was formed was performed, and a sample on
which no plasma treatment was performed, in another word,
no-treatment was performed.

FIGS. 8 to 12 are graphs of CV characteristics of the MOS
structures (a structure in which a supporting wafer, a semi-
conductor crystal layer, an interlayer, an insulating layer and
an electrically-conductive layer have been stacked in the
stated order) fabricated in the above described way. FIG. 8
shows the non-treatment sample, FIG. 9 shows the pre-nitri-
dation sample, FIG. 10 shows the pre-oxidation sample, FIG.
11 shows the post-nitridation sample (the semiconductor
wafer of the example), and FIG. 12 shows the post-oxidation
sample. It can be seen from FIG. 8 to FIG. 12, a lump in the
CV curve is smallest in the post-nitridation sample shown in
FIG. 11. This indicates that the interface trap density is small-
est when the post-nitridation is performed. The EOT
increased in the order from the non-treatment, the post-nitri-
dation, the post-oxidation, the pre-nitridation, and the pre-
oxidation, and a value of the EOT was 3.1, 3.3, 3.5, 3.8, and
4.4 (nm) respectively. When the post-nitridation treatment
was performed, the interface trap density was lowest, and an
increase of the EOT as compared to when no treatment was
performed was only 0.2 nm. Thus, it is understood that the
post-nitridation treatment can realize the decrease of the
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interface trap density by one order of magnitude or more as
compared to the non-treatment or other plasma treatments,
and can suppress the increase of the EOT to the extent that is
little different from that of the non-treatment.

FIG. 13 is a graph showing a conductance curve of a MOS
structure on which the post-nitridation was performed. FIG.
14 is a graph illustrating a relation between a capacitance and
a band bending of the MOS structure on which the post-
nitridation was performed. From the results shown in FIGS.
13 and 14, the interface trap density along the energy axis can
be estimated, and in this example (in the case of a semicon-
ductor wafer on which the post-nitridation was performed),
an interface trap density D,, was 3.1x10'* [eV~'cm~] when a
bias voltage V,=-0.32V (E-E,=-0.24 eV).

FIG. 15 is a graph showing distributions of the interface
trap density along energy axes in each treatment. The post-
nitridation sample showed that the interface trap density of
D,, was decreased by one order of magnitude or more on each
energy axis than those of other treatment samples.

FIG. 16 is a graph showing enlarged views of a Ge 2p
portion of XPS measurement results for the interface between
the Si, ,5Ge, 55 layer and the first Al,O; layer at each treat-
ment. FIGS. 17A and 17B are a graph showing enlarged
views of Al 2p portion of the XPS measurement results for the
interface between the Si, ,5Ge, »5 layer and the first Al,O,
layer at each treatment. While FIG. 17A shows a superposi-
tion of the XPS measurement results at each treatment, FIG.
17B shows the XPS measurement results separately at each
treatment. The peak around 1221 eV shown in FIG. 16 is
considered as a chemical shift of Ge atoms caused by bonding
with O atoms or N atoms. It is understood from FIG. 16 and
FIGS. 17A and 17B that Ge atoms are oxidized, nitrided or
oxynitrided through the post-oxidation or post-nitridation but
the bonding state of Al atoms remains unchanged. In other
words, it is understood that the first Al,O, layer is hardly
affected by the plasma treatment but the Si, ,5Ge, ,5 layer
thereunder is affected by the oxidation, nitridation, or oxyni-
tridation. This indicates that the first Al,O; layer serves as
passivation for the SiGe layer, while the first Al,O; layer is
not affected by the plasma treatment and serves as a high-
dielectric-constant insulating layer.

FIG. 18 is a graph showing angular-resolved X-ray photo-
electron spectroscopy (XPS) measurement results of the
interface between the Si, ,5Ge, »5 layer and the first Al,O,
layer on which the post-nitridation was performed. The ver-
tical axis shows the values normalized with a takeoff angle of
90 degrees for Al 2p peak divided by each chemical shift peak
of Ge 2p (black circle), Si 2p (black square), oxynitrided Ge
2p (white circle), oxynitrided Si 2p (white square), and Nls.
The horizontal axis shows a takeoff angle. It is understood
from the results shown in FIG. 18 that the peaks that originate
in the wafer (the black circle and the black square) become
smaller (the values along the vertical axis increase) as the
takeoftf angle decreases, and it is considered that the peaks of
the white circle, white square and the nitrogen are signals that
stem from atoms situated between the front face and the
wafer. In other words, this indicates that Ge atoms bonded to
nitrogen, oxygen or both exist between the first Al,O; layer
and the SiGe layer, and this demonstrates that the interlayer
108 is formed.

FIG. 19 is a graph illustrating distributions of the interface
trap density on an energy axis when a treatment time of the
post-nitridation is varied. FIG. 20 is a graph of the minimum
value of the interface trap density and a capacitance equiva-
lent thickness (CET) of the oxide layer obtained through
capacitance measurement with a horizontal axis of treatment
time. It is understood from the graph that the treatment time
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can be as short as 10 seconds but a long treatment time
adversely increases the interface trap density. In other words,
there is an optimal value of the plasma treatment time. In the
specification herein, CET (Capacitance equivalent thickness)
is determined directly from the measurement of capacitance
for a MOS structure, and includes a quantization effect,
namely, an effect where electronic states in an inversion layer
are quantized and energy at the smallest level is not zero, and
further includes an effect where electrons are not distributed
at the most surface. In contrast, EOT (Equivalent oxide thick-
ness) does not include the quantization effect and is a value
where electrons are assumed to be distributed also at the most
surface. The relationship between EOT and CET can be quan-
titatively determined by the following formula.

EOT=CET-0.3 (nm)

FIGS. 21 through 28 are graphs of the CV characteristics
for the post-nitrided MOS structures where the thickness of
the first insulating layer 106 or the first Al,O, layer is varied.
The thickness of the first Al,O; layer is represented as the
number of cycles in the ALD method. FIG. 21 shows the case
of 0 cycle, FIG. 22 shows the case of 2 cycles, FIG. 23 shows
the case of 4 cycles, FIG. 24 shows the case of 6 cycles, FIG.
25 shows the case of 8 cycles, FIG. 26 shows the case of 10
cycles, FIG. 27 shows the case of 20 cycles, and FIG. 28
shows the case of 30 cycles. A thickness of 6 to 8 cycles
corresponds to about 1 nm, and a thickness of 30 cycles
corresponds to about 3 nm. FIG. 29 is a graph of the CV
characteristics where the MOS structure is untreated for com-
parison.

It is obvious from the results shown in FIGS. 21 to 29 that
the interface trap density is smallest when the thickness of the
first A1, O, layer is 6 to 8 cycles or about 1 nm, and an effect
of hysteresis is small. The effect by the plasma treatment is
small when the number of the cycles is large (the thickness of
the first A1, O; layer is large), and it is assumed that hysteresis
occurs due to plasma damage or the like when the number of
the cycles is small (the layer is thin). In other words, there is
an optimal value of the thickness of the first insulating layer
106 when performing the plasma treatment with a certain
power.

FIG. 30 is a graph showing distributions of the interface
trap densities along an energy axis where Ge ratio x is varied
in Si, ,Ge, in the cases of the post nitridation and no-treat-
ment. It is understood from the graph that while the interface
trap density increases as the Ge ratio x increases, the interface
trap density is suppressed to a low value in the case of the
post-nitridation.

EXAMPLE 2

Semiconductor wafers were fabricated such that the thick-
ness of the first Al,O; layer for the first insulating layer 106
was varied as 0.09 nm, 0.28 nm, 0.50 nm, 0.68 nm, and 0.84
nm and N, ECR plasma power used for the post-nitridation
was varied as 650 W, 400 W, 250 W, and 150 W. Other
conditions were the same as those of Example 1. Various
MOS structures were obtained using the fabricated semicon-
ductor wafers in the same manner as Example 1.

FIG. 31 is a graph showing AEOTs of the various MOS
structures fabricated in Example 2. AEOT represents a value
obtained by subtracting an EOT value of a MOS structure on
which post-nitridation is not performed from an EOT value of
a MOS structure on which post-nitridation is performed, in
other words, AEOT represents an EOT increase due to the
post-nitridation. It is understood from FIG. 31 that the smaller
the thickness of the first Al,O; layer, the larger AEOT at the
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same plasma power. Itis also understood that the larger the N,
ECR plasma power, the larger AEOT in the same thickness of
the Al,O; layer. As it is considered that the smaller the thick-
ness of the first Al, O, layer and the larger the N, ECR plasma
power, the larger the energy given to the interface between the
first Al,O5 layer and the SiGe layer which is original semi-
conductor crystal layer 103, it can be assumed that the inter-
layer 108 is formed to have a larger thickness, or is heavily-
nitrided or heavily-oxidized. Degree of the nitridation or
oxidation is reflected to the dielectric constant of the inter-
layer 108, so that the increase of EOT or AEOT due to the
post-nitridation can be considered as the thickness of the inter
layer 108 that includes the dielectric constant (the amount of
the interlayer formation).

FIG. 32 is a graph showing interface trap densities (D,,) of
various MOS structures fabricated in Example 2. The inter-
face trap density increased as the N, ECR plasma power
increased when the thickness of first Al,O; layer was 0.09
nm, 0.28 nm, and 0.50 nm. In contrast, the interface trap
density decreased as the N, ECR plasma power increased
when the thickness of the first Al,0, layer was 0.84 nm. When
the thickness of first A1,0; layer was 0.68 nm, tendency of the
interface trap density was not clear.

Considering the results shown in FIG. 31 and FIG. 32
together, it was understood that there are two situations in
terms of the post-nitridation treatment. One is a first situation
where AFOT increases as the N, ECR plasma power
increases, and consequently the interface trap density
increases as shown by the cases of the first Al,O; layer with
the thicknesses 0f 0.09 nm, 0.28 nm, and 0.50 nm. Another is
a second situation where AEOT increases as the N, ECR
plasma power increases but the interface trap density
decreases as shown by the cases of the first Al,O; layer with
the thickness of 0.84 nm. In the second situation, AEOT
increases and the interface trap density decreases, so such
state can be considered as a state where there is still room for
the interface trap density to be further decreased by the post-
nitridation. In the first situation, the interface trap density
does not decrease any more even when AEOT increases, and
this situation can be interpreted, as is the case for the pre-
nitridation, as a state where plasma damage is large and any
more post-nitridation can increase the interface trap density.

FIG. 33 is a scatter plot of the interface trap densities vs
AEQOTs of the various MOS structures fabricated in Example
2. It is understood from the plot that there is correlation as
shown by the dotted line irrespective of the thickness of the
first Al,O; layer. More specifically, it is considered that the
region where AEOT is larger than about 0.15 nm corresponds
to the first situation above, and the region where AEOT is
smaller than about 0.15 nm corresponds to the second situa-
tion above, so it can be said that there is an optimum value of
AEOT to minimize the interface trap density. As stated above,
AEQT can be considered as the amount of the interlayer 108
formation, and therefore it is derived that there is an optimal
value for the amount of the interlayer 108 to be formed. In
other words, it is possible to control the relation between
AEQOT and the interface trap density by adequately selecting
the N, ECR plasma power and the thickness of the first insu-
lating layer 106. In this example, it was possible to reduce the
interface trap density to 2x10'* [eV~'cm 2] when AEOT was
0.15 nm. Even when the thickness of the first Al,O, layer was
0.28 nm, it was possible to minimize an increase of EOT from
that of the case where plasma exposure is not performed, to
0.5 nm or less by setting the plasma power to 150 W, and
consequently it was possible to reduce the interface trap den-
sity to 1x10"? [eV~*em™2] or less. As illustrated in FIG. 33,
the thickness of the first insulating layer 106 and the N, ECR

10

20

25

30

35

40

45

50

55

60

65

12

plasma power may be controlled to set AEOT to a value that
minimizes the interface trap density. In this example, AEOT
may be controlled to be 0.5 nm or less, or may be controlled
to fall in arange 0 0.05 nmto 0.2 nm. Moreover, the thickness
of the first insulating layer 106 may be minimized under
conditions where the plasma power of the plasma processing
apparatus is set such that plasma can be maintained and where
AEQOT has a value in the above-mentioned range.

EXAMPLE 3

Semiconductor wafers were fabricated in the same manner
as Example 1 except that the N, ECR plasma power for the
post-nitridation was varied as 650 W, 350 W, and 104 W.
Various MOS structures were obtained using the fabricated
semiconductor wafers in the same manner as Example 1.
FIGS. 34 t0 36 show graphs of CV characteristics of the MOS
structures. F1G. 34 is a graph of CV characteristics of a MOS
structure when the N, ECR plasma power was 650 W.FIG. 35
is a graph of CV characteristics of a MOS structure when the
N, ECR plasma power was 350 W. FIG. 36 is a graph of CV
characteristics of a MOS structure when the N, ECR plasma
power was 104 W. FIGS. 37 to 39 show graphs of CV char-
acteristics of MOS structures on which pre-nitridation was
performed for comparison. FIG. 37 shows the case where the
N, ECR plasma power was 650 W, FIG. 38 shows the case
where the N, ECR plasma power was 350 W, and FIG. 39
shows the case where the N, ECR plasma power was 104 W.

In this Example 3, the thickness of the first insulating layer
106 was 1 nm, which is larger than that in Example 2, and
therefore a better CV characteristics was obtained as the N,
ECR plasma power increased. All the CV characteristics of
the MOS structures obtained through the post-nitridation at
any of the N, ECR plasma powers were better than those of
the MOS structure obtained through the pre-nitridation in the
comparison examples, and it was assumed that the interface
trap densities were smaller than those of the comparison
examples.

EXAMPLE 4

Semiconductor wafers were fabricated in the same manner
as Example 1 except that Ge ratio x of i-type Si,_ Ge,, which
is the original semiconductor crystal layer 103, was varied in
a range of 0.13 to 0.38. For comparison, semiconductor
wafers that had the same Ge ratio but the plasma treatment
was not performed were also fabricated in the same way.
MOS structures were obtained using the fabricated semicon-
ductor wafers in the same manner as Example 1, and CV
characteristics of the MOS structures were measured. FIGS.
40, 41, 42, and 43 show CV characteristics of the MOS
structures when the Ge ratio x in the i-type Si;  Ge, was 0.13,
0.23, 0.32, and 0.38 respectively and the plasma treatment
was not performed. FIGS. 44, 45, 46, and 47 show CV char-
acteristics of the MOS structures when the Ge ratio X in the
i-type Si, ,Ge, was 0.13,0.23,0.32, and 0.38 respectively and
the post-nitridation was performed. Comparing these CV
characteristics with the same composition, it can be seen that
performing the post-nitridation made the bumps in the CV
characteristics curves smaller, which demonstrates the fact
that the interlayer 108 was formed by the post-nitridation and
it was possible to reduce the interface trap density. Moreover,
it was confirmed that the post-nitridation effectively reduced
the interface trap density also when the Ge ratio was 0.38.

EXAMPLE 5

Semiconductor wafers were fabricated in the same manner
as Example 1 except that a HfO, layer, which is the second
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insulating layer 110, was formed to have a thickness of 5 nm.
MOS structures were obtained using the fabricated semicon-
ductor wafers in the same manner as Example 1. FIG. 48 is a
graph showing CV characteristics of the obtained MOS struc-
tures, and FIG. 49 is a graph showing distributions of the
interface trap densities along an energy axis. In FIG. 49, a
case (refl) where an Al,0O; layer having a thickness of 4 nm
was used as the second insulating layer, a case (ref2) where
only an Al,O; layer was formed as the insulating layer, and a
case (ref3) where only the HfO, layer was formed as the
insulating layer were shown for comparison.

As shown in FIG. 48, the CV characteristics of the MOS
structure of Example 5 where the HfO, layer was used as the
second insulating layer 110 was not as good as those of the
MOS structure of Example 1 and the like where the Al,O;,
layer was used as the second insulating layer 110, but it still
showed a relatively fine characteristics. Moreover, as shown
in FIG. 49, in terms of the interface trap density, the MOS
structure of Example 5 where the HfO, layer was used as the
second insulating layer 110 was not as good as that of the
MOS structure of ref 1 where the Al,O; layer was used as the
second insulating layer, but it achieved a lower interface trap
density compared to those of the MOS structures of ref 2
where only the Al,O, layer was formed as the insulating layer
and ref 3 where only the HfO, layer was formed as the insu-
lating layer.

In the description herein, a first element such as a layer,
region or wafer is referred to as being “on” a second element,
the first element may be directly on the second element or the
first element may be indirectly on the second element with
other element intervening therebetween. In a like fashion,
“the first element is formed on the second element” may refer
to the case where the first element is directly formed on the
second element or the case where the first element is indi-
rectly formed on the second element. The terms referring to a
direction “over,” “under,” and the like are used for describing
relative directions in a semiconductor wafer and a semicon-
ductor device and not necessarily for describing permanent
positions with respect to the reference plane such as the
ground.

10

15

20

25

30

35

40

14
DESCRIPTION OF REFERENCE NUMERALS

100: semiconductor wafer, 102: supporting wafer, 103:
original semiconductor crystal layer, 104: semiconductor
crystal layer, 106: first insulating layer, 108: interlayer, 110:
second insulating layer, 112: insulating layer, 114: electri-
cally-conductive layer, 116: source-drain, 200: semiconduc-
tor device.

The invention claimed is:

1. A semiconductor wafer comprising:

a semiconductor crystal layer;

an interlayer; and

an insulating layer made of an oxide, wherein

the semiconductor crystal layer, the interlayer, and the

insulating layer are arranged in the stated order,

the interlayer is made of an oxide, nitride, or oxynitride of

a semiconductor crystal constituting the semiconductor
crystal layer,

the semiconductor crystal layer is made of Si, Ge,

(x<0.25),

a part of the insulting layer in contact with the interlayer is

made of Al,O;, and

an interface trap density measured by a conductance

method where the semiconductor crystal layer and the
insulating layer form a semiconductor-insulator inter-
face in a MOS structure is 1x10*% [eV~*em™] or less.

2. A semiconductor wafer according to claim 1, wherein an
increase from an equivalent oxide thickness (EOT) where a
surface is not exposed to plasma before the insulating layer is
formed or after at least a part of the insulting layer is formed
to an EOT where the semiconductor crystal layer and the
insulating layer form a semiconductor-insulator interface in
the MOS structure is 0.5 nm or less.

3. A semiconductor device comprising:

the semiconductor wafer according to claim 1; and

an electrically conductive layer formed on the insulating

layer, wherein

a MOS structure is formed of the semiconductor crystal

layer, the insulating layer, and the electrically-conduc-
tive layer.



